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SYNOPSIS 

An experimental study of shear viscosity n(y), principal normal 

stress difference N-j (Y), storage modulus G'(u), dynamic viscosity 

n'(u) and filament elongation to break l_ß is reported for solutions of 

several polyamides; namely, (Nylon-66), poly(Y-Benzyl-L-Glutamate), 

CNomex® ) and (Xevlar^ I, The variation of properties with, 

concentration, aliphatic vs aromatic polymer and solvent type is em- 

phasized. The importance of forming liquid crystalline phases in 

KevlarvVand pTBLG solutions on such properties is indicated. 



INTRODUCTION 

The solution properties of polyamides have gained scientific attention 

as a result of the recently reported aromatic structures and their com- 

mercial importance. {]_-§). 

Poly (Hexamethylene Adipamide), Nylon-66, and Poly (Caprolactam), 

Nylon-6,have been important commercial polymers for almost forty years. 
? (R) GO More recently aromatic polyamides, notably Nomexwand Kevlar^fiber, 

have become important (]_).    While aliphatic polyamides are fusible and 

processed in the molten state to form fibers and molded parts, aromatic 

polyamides chemically degrade Below-tfte.fr melting temperature and must Be pro- 

cessed in the solution state.    This has led. to an increased, interest in the so- 

lution properties of polyamides.    Studies of aromatic polyamide solutions 

have turned up a number of striking experimental observations.    Concentrated 

solutions of p-linked aromatic polyamides exhibit liquid crystalline be- 

havior (l_-5_), while solutions of m-1 inked ones show complex effects with 

salts in solution plus association (6J-7J.    The liquid crystalline behavior 

is similar to that observed in concentrated solutions of polypeptides (8-12). 

.' The present authors and their coworkers have been concerned with the 

processing and properties of polyamides C13)» structure development in the 

melt (14-16) and wet (16-17) spinning of nylon-6 and nylon-66 fibers as well 

($) (R) as wet spinning Nomex^-^and Kevlar^fibers (17).    In related papers, new 

types of aromatic polyamides were synthesized and solution spun into fibers 

(18^1!) • 

In this paper, we investigate the Theological and optical properties 

of four polyamides of varying structure. Up to the present most such in- 

vestigations were limited to the shear viscosity, however we also consider 

normal stresses, sinusoidal oscillation response and apparent spinnability. 



We give our greatest attention to comparing aliphatic, m-linked and 

p-1inked polyamides formed from diamines and dicarboxylic acids, 

specifically 

Poly(hexamethylene adipamide)  (Nylon-66) 

! 
£ NH - (CH-)fi - NH - C  - (CHj, - C - \ ^'6 2'4 

<® Poly(m-phenylene isophthalamide) (Nomex^>) 

0 0 

ENH-0-NH-C-0 C \ 

(R) Poly(p-phenylene terephthalamide)  (Kevlar^) 

ll       ° 
>/ c 3 

(D: 

(ID 

(in) 

We also studied a polypeptide previously reported in the literature as 

liquid crystalline (8-12), 

Poly(y-benzyl-L-glutamate)  (PyBLG) 

0 

£ - NH - CH - C - 3 

CH2 

CjH2 

C = 0 

0 - CH 2 - <D (iv) 

*The symbols I, II, III, IV are maintained on all  figures, 



The Theological properties and possible onset of liquid crystalline 

character are studied in different solvents.    In the case of polymers 

(I), (II), and (III), we contrast their properties in H2S0..    In a sense, 

this paper specifically continues research described in two earlier 

papers.    The polymer-solvent systems wet spun by Hancock, Spruiell, and 

White (T7J are included in the systems described here.    The physico-chemical 

properties including rheological and optical behavior of poly(m-phenylene 

isophthalamide)  (II) in dimethylacetamide/LiCl solvents have been invest- 

igated by Aoki, Harwood, Lee, Fellers and White (7) and we shall  report 

here on some of its characteristics in hUSO^ as well. 

EXPERIMENTAL 

Materials 

Four polymers with structures indicated in I thru IV above have been 

investigated in our studies.    Their characteristics are summarized in 
(7) Table I.    Polymer I, poly(hexamethylene adipamide) was a DuPont Zytel^^ 

molding resin.    Polymer II, Poly(m-phenylene isophthalamide) was a DuPont 

Nomex^—''(type 430) synthetic fiber, Polymer III was DuPont Kevlar"—-'synthetic 

fiber.    Polymer IV was a PyBLG purchased from Sigma Chemical Company, 

Saint Louis, Missouri. 

The solvents used in this study were 100% sulfuric acid (H-SOJ ob-       !\ 

tained from Fisher Scientific Company, Fair Lawn, New Jersey, Dimethylacetamide 

(DMA) obtained from Aldrich Chemical Company, Milwakee, Wisconsin, 

lithium chloride (LiCl)from Fisher Scientific Company, and tp-cresol' from 

Aldrich Chemical Company. 



The polymer solvent combinations studied were 

r - iao% H2SO4, 90% HCOOH/H2O 

II - 100% H2S04, DMA with 5% LiCl 

III - 100% H2S04 

IV - m-£resol 

Optical Measurements 

Each polymer-solvent system was studied in a light microscope be- 

tween cross polarizer and analyzer.    Specifically the Kwolek DDA test was 

carried out (TJ.    Samples of polymer solution were placed between two glass 

slides separated from each other by Teflon tape, of thickness 0.165 mm. 

The increase in I/. , the amount of light passing through the system with 

polymer solution present, was measured as a function of polymer concentration 

by means of a light meter. 

Rheological Measurements 

Steady shear flow and sinusoidal oscillation experiments were carried 

out in a Model R16 Weissenberg Rheogoniometer.    A special Type 304 stain- 

""ess steel cone-plate apparatus was designed and built in our shops for the 

H2S0* experiments.    It was checked and calibrated against the standard 

aluminum cone-plate with a non-corrosive polymer solution.    This cone- 

plate fixture has an angle a of 2° and a radius R«fo'f 5 cm.    . 

In a steady shear flow, the shear rate in a cone-plate geometry is 

Y   * a a O) 

The stress response involves a shear stress a12 and three normal stresses 

a-j-,, a22, and a33; where (1) is the direction of flow, (2) the direction 

of shear and (3) the neutral  direction.    The normal stresses are generally 
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represented through an isotropic pressure p and two normal stress dif- 

ferences N, and N2 defined as 

N1 = air - a2£ (2a) 

HZ = a22 " a33 
Three rheological functions are defined by relating N,, N„, and a-,« *o 

shear rate through the expressions 

a12 = n*2 ■■ (3a) 

Nl = *1^ (3b) 

N2 = iC2Y2 (3c) 

Here n is the viscosity and ij»-. and ij>2 
are "onnal stress coefficients. 

Determination of a-|2 and N, were calculated from rheogoniometer 

torque, T,  and vertical thrust, F, measurements.    This was carried out 

using the expressions (£Q.) 
3T 

a12 =   
2TTR

3 (4a) 

In the oscillartory shear flow a sinusoidal strain y(t) is imparted 

to the fluid between the cone and plate. We may express this as 

Y12 ^ = Yo sinut ^ 

where u is the frequency and y   the shear strain amplitude. The shear stress 

response is out of phase with the strain. It may be represented as 

a-j2 = 6' (w) Y0sinwt+ G" (ai) YQ coswt (6a) 



= G' (w)Y(t)+- n' (u>) 
dt 

Where G' (u) is the dynamic storage modulus, G" (w) is the loss modulus 

and n1 (w) is the dynamic viscosity. In phase and out of phase stress 

components were obtained using Eq(6a) and converted to G' (u) and n' (OJ). 

Spinnability Experiments 

An apparatus was designed to estimate the spinnability of polymer 

solutions. Its principle and design are summarized in Figure 1. A rod 

is initially in contact with the surface of a polymer solution. It is 

withdrawn at velocity V inducing a cylindrical liquid filament of length 

L, equal to Vt, where t is the time elapsed to form the filament between 

the surface of the liquid and the moving member. The existence of the 

filament is measured by electrical conduction. When the filament breaks 

at length I, the contact is broken. The apparatus is similar to an in- 

strument described by Sherr f2Tj more than a generation, old, 

;\ OPTICAL STUDIES 

Results 

Measurements of transmitted polarized light I/, in the Kwolek DDA 

test are shown as a function of concentration for the polymers studied in 

Figure 2. At low concentrations, essentially no light is transmitted. 

At high concentrations, the solutions of polymers III and IV transmit 

significant quantities of light while the other solutions do not. The 
(R) transition occurs at concentrations of 9.5% for the Kevlar^—'and at 9% 

for the PyBLG. 



Interpretation 

The dilute solutions of all polymers studied are optically isotropic 

in a state of rest. However, optical anisotropy arises in solutions of 

Ob Kevlar^and PyBLG.    Such anisotropy may be due to stress induced bire- 

fringence (22-21) or t0 liquid crystalline character (]_-5_, 8.-13).    If 

it is due to the former, it should decay with time in a solution until  it 

disappears.    However, if the solution is a soft gel  rather than a true 

fluid, such birefringence could be permanent. 

The two polymer solutions found to transmit polarized light have 

both been reported as liquid crystalline by earlier investigators.    The 
(R) 

solutions of Kev.lar^are reported as such by DuPont investigators (]_, 2). 

PyBLG solutions are a classical case of liquid crystalline behavior in 

polymers (8-12). 

VISCOSITY STUDIES 

Results 

Plots of viscosity n as a function of shear rate y are shown for the 

solutions of Nylon-66 at 25°C in Figure 3, Nomex®at 25°C in Figure 4 
(D) _ 

and Kevlar     at 25 C in Figure 5 and at 60°C in Figure 6.    It is clear 

that solvent quality has a strong influence on viscosity in these systems. 

At any concentration the H2SCL solution data are the highest for both 
(7) G) 

Nylon-66 and Nomex^>.    Kevlarwis only soluble in H2S0.. 

The general  behavior of the viscosity-shear rate-concentration re- 

lationship for solutions of Polymers I, II, and III differ.    In the case 
0) 

of Nylon-66 and Nomex^, the response is Newtonian at low shear rates with 

n(y) decreasing with shear rates at large j at the higher concentrations 

studied.    For Kevlar^at 25°C (Figure 5) the response is qualitatively 
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different.    The viscosity does not exhibit Newtonian behavior even at the 

lowest shear rates and the data continue to increase with a slope of 45 

on logarithmic paper.    Furthermore the viscosity in this system, especially 

at high shear, does not increase monotonically with concentration.    Instead, 

the viscosity strikes a maximum and then decreases at high concentration. 

Figure 6 shows the response of the. same system at 60 C.    The regular 

low shear rate response is no longer found and the solutions are close to 

Newtonian.    However, the viscosity-concentration dependence still exhibits 

a maximum. 

The viscosity-shear rate behavior of PyBLG in m-cresol  is contained 

in Figure 7.    The PyBLG possesses a Newtonian character similar to the 

Nylon-66 solutions but the viscosity-concentration dependence clearly 

exhibits a maximum. 

Interpretation 

Certain aspects of the experimental  results require expanded consid- 

eration.    First we note the unusual n(y) behavior of the concentration 

Kevlar^/H2S04 solutions at 25°C.    This type of response has been found 

in other polymer systems, usually in polymer melts or solutions containing 

particulate fibers "(24_-2g).    It is considered to mean the material exhibits 

a yield value.    This is illustrated in Figure 8 where we plot viscosity as 

a function of shear stress a,«*    ^ can be seen tnat tne viscosity tends 

to infinity at a finite non-zero shear stress.    This implies that there will 
2 

be no flow in these systems below a critical  shear stress of 700 dynes/cm . 

(R) The Kevlar^/H-SO* becomes a gel. It is possible that the system is how- 

ever a fluid rather than a gel. Only the shear rates were not lowered far 

enough. 



fib The viscosity-concentration behavior of the Kevlar^and PyBLG    so- 

lutions deserve special  attention as they exhibit a maximum at intermediate 

concentrations.    This is shown in Figure 9 for Kevlar^at 25 C (at j = 0.1 

and 5.0 sec"1) Kevlar^at 60°C and the PyBLG.     We also include Nomex^ 

in H2S04 for comparison.    The Kevlar^and PyBLG solutions show viscosity 

maxima.    Shear rate concentration dependence of n is to a large extent in- 

fluenced by the existence of a yield value at high shear stresses.    The 

position of the viscosity maxima in PyBLG solutions has been previously 

noted by Hermans' QQIand in p-1inked aromatic polyamides by Kwolek and 

her coworkers (l_-2_) and by Papkov et al  (3).    It has been associated with 

the formation of liquid crystalline regions in these solutions and generally 

occurs at about the same concentration as the rise in transmitted light 

I/r    described in the previous section. 

It is of interest to the above considerations that similar viscosity 

decreases have been found associated with the formation of nematic liquid 

crystalline phases in low molecular weight organic compounds (27 ).    These 

organic compounds exist as isotropic liquids at high temperatures and solid 

crystals at low temperatures.    In an intermediate temperature range, they 

behave as nematic liquid crystals.    It was found by Porter and.Johnson (27), 

that-in the isotropic liquid state the viscosity increases as temperature de- 

creases as would be expected in normal  liquids.    However,, when the transition 

temperature to the liquid crystalline state is reached, there was a sub- 

stantial drop in viscosity. 

The principal normal stress difference coefficient t|>, for the Polymer I 

through IV systems is plotted as a function of shear rate j in figures 10 to 

13.    The magnitude of normal stresses varies considerably with solvent for 
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any particular polymer and with polymer type. For the Nylon-66 and 

Nomex^ systems the H2S04 solutions have higher normal stresses. The 

Kevlar^ih data are generally higher than those of Nomex^and Nylon-66 

but seem to exhibit a maximum with respect to concentration. The normal 

stresses in PyBLG solutions are quite small and can only be observed at 

the highest concentrations. Generally the normal stress coefficient is a 

decreasing function of shear rate and tends to become constant at low shear 

rates. 

(ft The dependence of ip, in Kevlar^solutions on shear rate, shear stress 

and concentration is of special interest. In Figure 12 we see at low shear 

rates the if>, values for 10 and 12 percent solutions are significantly larger 

than those of 6 and 8 percent solutions, but decreased rapidly with shear 

rate. This is to be compared with the viscosity-shear rate behavior of the 

same concentration. In Figure 14 we plot $, as a function of a^.    This 

seems consistent with the idea of a yield value in the more concentrated 

solutions. Figure 15 plots 4», as a function of concentration evaluated a 

0.5 and 5 SEC -1 for 25°C at 5 SEC "] for 60°C. Maxima are observed at 

both temperatures. 

OSCILLATORY EXPERIMENTS 

Results 

This experimental investigation was not as extensive as the shear flow 

studies. Figures 16 to 18 show typical plots of G' (u) and n'(u) as functions 

of frequency and concentration. The data of Figure 16 are for Nylon-66, 

(R) (R) Figure 17 for Nomex^solutions, and Figure 18 is for Kevlar^in H-SO^ at 

25°C and 60°C.    The curves of the latter at 25°C are rather different from 

the former with n'U) becoming indefinitely larger at low frequency and 

G'  (w) having a finite rather than zero asymptote. 



n 

Interpretation 

The experimental data of Figure 16 and 17 are very typical of isotropic 

viscoelastic fluids. Generally in comparing the dynamic viscosity n'U) 

and the steady shear viscosity H(Y) one has 

Tim n'(cu) = lim nOr) = n0 

a)-»- o     Y-*- o ^7a^ 

and 

H(Y) >  n'U=Y) (7b) 

Similar experimental results have been reported for other concentrated polymer 

solutions. 

The behavior of the Kevl absolutions is similar at low concentrations. 

At high concentrations the response changes considerably.    At low a» , n'(«) 

increases indefinitely as co decreases and 

H(Y) <   n'U- Y) (8) 

for Kevlar®at 25°C.    The shape of the S'   (u) curves are different from 

those of Figure 18 for the Nylon-66, Nylon-6 and Nomex^. 

Consider ; 
G"  U) oj n U) 

.tan <S =    =  ,.v 
G'  Co») G'   (co)                                                                 (9) 

which represents the ratio of dissipated to stored energy (23).    The 10 and 

12 percent Kevlar^ solutions at 25°C have a much lower value of tan 5 at 

any frequency than the other soltions in this study.    This indicates a more 

elastic solid like response. 

We suggest the different linear viscoelastic characteristics of the 25 C 

Kevlar solutions is associated with., the existence, of the Ge.1 structure dis- 

sussed in connection with our observations of the viscosity function n(y). 
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SPINNABILITY 

Results 

Figures 19 to 21 plot filament,length to break L as a.function of 

instron crosshead velocity for the various solutiuns investigated at 25 C. 

It is seen that the thread length which we interpret as spinnability varies 

considerably with polymer and solvent type. For the Nylon-66, the H2S04 

solutions have greater U than the HCOOH solutions- With the exception of 

the Kevlarv~/, Lb increases with concentration. Comparison at 8 percent 

concentration shows an ordering- 

-® >    Nomex® > Kevlar^ >    Nomex^-^ >  Nylon 66 

in H SO . 
2   4 

Interpretation 

The- experiment reported here is similar to that analyzed by Ide and 

White (28-,, 29 ) except the elongation rate 

V 
E = 

L (t) (13) 

decreases with time rather than being constant. However, the same mechanisms 

of failure - capillarity, ductile failure, and cohesive fracture occur and 

should interact similarly. From our observations, the dominant failure made 

appears to be capillarity at low concentrations and cohesive fracture at 

high concentrations. 

It is of interest to compare the experimental observations made here 

with the wet spinning spinnability observations of Hancock and his coworkers 

(17). These authors found for any particular system that spinnability in- 

creases with concentration. We observed a similar variation of L. At 



13 

fib 
higher extension rates, both Kevl ar^/H2S04 and Nylon-66/H2S04-show 

decreasing L. This may be due to high elongational viscosity induced 

brittle fracture. This type of phenomenon is predicted by Ide and White. 

At the same concentration Kevlar shows good spinnability among the polymers 

studied here, with the spinnability order being: Kevlar > Nomex > N-66. 



14 

ACKNOWLEDGEMENTS 

This research was supported in part by Unitika Ltd* This work 

was-supported in part by th.euOffice of Naval Research;,, 



15 

TABLE I 

Polymers Used in This Study 

Polymer 
Designation 

Polymer 
Type Supplier 

Molecular-Weight 
xlO'^ 

I Nylon 66 du Pont 28.4a 

II Nomex du Pont asa 

III Kevlar du Pont M0b 

IV PyBLG Sigma Chemical 150c 

(a) As reported in 06)- 
(b) As computed from"T3Q). 
(c) As reported by Sigma Chemical 
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FIGURES 

1. Spinnability Apparatus 

2. Transmitted light I/Io as a function of polymer concentration for 
Polymers I-IV at 25 C. 

3. Plot of viscosity n(y) as a function of shear rate.y for I, Poly(Hexa- 
methylene Adipamide), in H2S04 and 90% HC00H at 25 C. 

4. Plot of viscosity n(y) as a function of shear rate y for II, Nomex®, 
in H2S04 and Dimethylacetamide/5% LiCl at 25°C. 

5. Plot of viscosity n(y) as a function of shear rate y for III, Kevlar©, 
in H2S04 at 25°C. 

6. Plot of viscosity n(y) as a function of shear rate y for III, Kevlar®, 
in H2S04 at 60°C. 

7. Plot of viscosity n(y) as a function of shear rate y for   IV, PyBLG, 
in m-cresol at 25 C. 

8. Plot of viscosity n for Kevlar®/FLSCL at 25°C as a function of shear 
stress a-|2- 

c 

9. Viscosity as a function of concentration for Kevlar®/H2S04 at 25°C 

((LI and MSEC "1), Kevlar®/H2S04 at 60°C, PyBLG/m-cresol and 

Nomex®/H2S04 at 25°C. 

TO.  Principal normal stress difference coefficient <K (y) as a function 
of shear rate and concentration for Nylon-66 in FLSO, and HCOOH/10% HJ3 

Principal normal stress difference coefficient *,(y) as a function of 

shgar rate and concentration for Nomex^in H2S04 and DMA/5% LiCl at 

12. Principal normal stress difference coefficient *1(Y) as a function 

of shear rate and concentration for Kevlar® /H^SCL at 25°C and 60°C. 

13. Principal normal stress difference coefficient <|J, (y) as a function of 
shear rate and concentration for PyBLG in m-cresol at 25 C. 

14. Principal normal stress difference coefficient plotted as a function 

of shear stress a-,2 for    Kevlar®/H2S04 solutions at 25°C. 
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15. Principal normal stress difference coefficient as a function of 

concentration for 25°C and 60°C Kevlar^/H2S04 solutions. 

16a. G'(üi) as a function of frequency for Nylon-66 solutions in HCOOH/IOSFLO 
at 25°C. 

b. n'(üj) as a function of frequency for Nylon-66 solutions in HC00H/10XH«0 
at 25°C. 

.®f—~ -. «o, 17a. G'(üI) as a function of frequency for Nomexv-/solutions at 25 C. 

b. n'(u) as a function of frequency for Nomex^solutions at 25°C. 

18a. G'(ü>) as a function of frequency for Kevlar^in H2S04 at 25 C and 
60°C. 

b. n'(üj) as a function of frequency for Kevlar^in H?SO. at 25°C and 
60°C. 

9. Length of threads to break for the Nylon-66 in FLS04 and HCOOH spin- 
nability experiments as a function of moving memoer speed and con- 

20. 

centration at 25 C. 

Length of threads to break for the Kevlar^-YH-SO. as a function 
of moving member speed and concentration-at 258^ 

'(a) (p) 
21. Comparison of length to break for Nylon-66, Nomexwand Kevlar*^ 

8% solutions. 
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FIGURE 2. Transmitted light I/Io as a function of polymer concentration 
for Polymers I-IV at 25°C. 
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FIGURE 3.    Plot of viscosity n(y) as a function of shear rate y for I. 
Poly(Hexamethy1ene Adipannde), in H2S04 and 90% HCOOH at 25 C. 
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FIGURE 5.    Plot of viscosity n(y) as a function of shear rate Y for III, 
Kevlar® , in H,S04 at 25°C. 12JM4 
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FIGURE 8. Plot of viscosity n for Kevlar^/H-SO^ at 25°C as a function of 
shear stress c^-. 
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FIGURE 10. Principal normal  stress difference coefficient ^(Y) as a function 
of shear rate and concentration for Nylon-66 in   HjSO^ and 

I 

I 

HC00H/1OX H-0 at 25°C. 
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FIGURE 11. Principal normal  stress difference coefficient ^(Y) as a function - 
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FIGURE 12. Principal normal stress difference coefficient ^(Y) as a function 
of shear rate and concentration for Kevlar®/u SO, solutions at 
25°C. 2 * 
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FIGURE 15.  Principal normal stress difference coefficient as a function of 

concentration for 25°C and 60°C Kevlar^ /H2S04 solutions. 
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FIGURE 16a      G'(u)_as a function of frequency for Nylon-66 solutions in HC00H/102H20 
*    at 25°C. 
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FIGURE 16b. n'(dj) as a function of frequency for Nylon- 
at 25°C. 
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FIGURE 17a. s'(o») as a function of frequency for Nomex^-'solutions at 25 C. 
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FIGURE 18a.    |'M as a function of frequency for Kev1ar®in H7SOa at 25°C and '2dU4 
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FIGURE 18b. n'^  as a fu"ction of frequency for Kevlar^in H-SO. at 25°C and 
60WC. 
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FIGURE 19. Length of threads to break for the Nylon-66 in H2S04 and HCOOH spin- 
nability experiments as a function of moving memoer speed and con- 
centration at 25 C. 
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FIGURE 20. "Length of threads to break for the Kevlar®/HgS04 as a function 
of moving member speed and concentration at 25Oc> 
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FIGURE 21. Comparison of length to break for Nylon-66, Nomex^and KevlaA-' 
82 solutions. 
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